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Abstract

Field investigations were done in seven restaurants (subsample of a 63 commercial buildings study) to identify
uncontrolled air flows and pressure imbalances. Testing included building airtightness tests, identification of building air
barrier location, duct system airtightness, characterization of pressure differentials, building air flow balance, and
infiltration/ventilation rates. All restaurants were found to operate at negative pressures which ranged from 0.003 inWC
(0.8 Pa) to 0.173 inWC (43 Pa) and averaged 0.051 inWC (12.7 Pa) under normal operation. The variables which
affect depressurization are large exhaust fans, missing or undersized makeup air, intermittent outdoor air caused by the
cycling of air handlers, dirty outdoor air and makeup air filters, and building airtightness. These uncontrolled air flows
and pressure imbalances impact energy use, ventilation rates, sizing of heating and air conditioning systems, indoor
comfort, relative humidity, moisture damage to building materials, mold and mildew growth, operation of combustion
equipment, and indoor air quality.

Introduction

Uncontrolled air flows and pressure imbalances, resulting from duct leakage, return design problems, closed interior
doors, and operation of exhaust equipment and fans, have been identified in residential buildings in various research
(Cromer and Cummings, 1987; Cummings, 1988, Cummings and Tooley, 1989; Cummings and Tooley, June 1989;
Cummings, Tooley, Moyer, and Dunsmore, 1990; Davis, 1991; Gammage, Hawthorne, and White, 1984; Lambert and
Robison, 1989; Modera, 1990; Palmiter and Bond, 1990; Parker, 1989; Parker 1991; Parker, Fairey, and Gu, 1993;
Proctor, 1990; Proctor, Davids, Joblonski, and Peterson, 1990; Robison and Lambert, 1989; Tooley and Moyer, 1989;
Tooley, Cummings, and Moyer, 1991). These uncontrolled air flows and pressure differentials in homes have important
implications for energy use, peak electrical demand, ventilation rates, sizing of heating and air conditioning systems,
indoor comfort, indoor relative humidity, mold and mildew growth, drafting of combustion equipment, and indoor air
quality. In response to this research, various changes have occurred in the single family residential marketplace. Duct
repair training courses have been developed, duct repair programs have begun at utilities and in weatherization programs
in a number of states, and building codes have been modified to address these problems in residences (Cummings,
Tooley, and Moyer, November 1990).
Recently researchers at the Florida Solar Energy Center have begun to study uncontrolled air flow (UAF) in commercial
buildings. Because commercial buildings are larger and more complex, and have greater internal heat generation, greater
ventilation requirements, and larger air moving equipment, it was suspected that commercial buildings would have
greater uncontrolled air flows and pressure imbalances than residences. In order to understand the nature, extent, and
impacts of UAF in small commercial buildings, testing has been done in 63 small nonresidential, nonindustrial buildings.
Within the universe of commercial buildings, there is a great variety of building construction types, HVAC system designs
and operation, and building use. One of the most interesting types of commercial buildings, from a UAF perspective, is
restaurants. Restaurants have special characteristics, especially related to large exhaust and makeup air systems, that
cause them to have fairly unique UAF problems. This paper reports research from seven restaurants, including field

testing methods, building and duct system airtightness, building air flow balance, pressure differentials, and the causes
and impacts of pressures in buildings.
Diagnostic and Testing Protocols

In order to characterize air flow dynamics in buildings, test methods and diagnostic protocols have been developed to
characterize airtightness, pressure differentials, and air flow rates in field testing. A typical protocol includes building and
duct airtightness testing, pressure differential measurement, infiltration/ventilation tests, and air flow measurement. The
objective of the testing is to characterize air flows and pressure differentials within the building, characterize the air flow
balance across the building envelope, identify the cause of air flow and pressure imbalances, and understand the
interacting relationships between building airtightness, air flows, pressure differentials, the operation of building
equipment, indoor air quality, ventilation, and energy consumption.
Building Airtightness Testing

The first step in the diagnostic process is building airtightness testing. The building is prepared by turning off air moving
equipment, including air handlers, exhaust fans, makeup air fans, and clothes dryers. Outdoor air, exhaust fans, and
makeup air openings are sealed off.
A multipoint airtightness test is performed (ASTM E 77987, "Standard Test Method for Determining Air Leakage Rate by
Fan Pressurization"), using from one to six calibrated fans (blower doors), depending upon the building airtightness and
size, and generally obtaining air flow at six to eight building pressures in the range from 0.040 inWC (10 Pa) to 0.241
inWC (60 Pa) depressurization. (Note that all pressures expressed in this paper are with respect to outdoors unless
otherwise indicated). Building airtightness assists in interpretation of other field testing, especially pressure differential
measurements.
Identification of Building Air Barriers

With the building depressurized to 0.201 inWC (50 Pa) by the calibrated fan, pressures in various zones of the building
are measured in order to know which parts of the building are "indoors" and which parts are "outdoors"  that is, which
portions of the building are within the building air barrier and which are not (see definitions). Pressure may be measured
in the ceiling space, attic space, wall cavities, chases, soffits, mechanical rooms, space between floors, etc. Consider an
example; if the ceiling space is at 0.020 inWC (5 Pa) when the occupied space is at 0.201 inWC (50 Pa), this indicates
that the ceiling space is reasonably well ventilated to outdoors, and that the ceiling is the primary air barrier. It also
indicates that the ducts, located in the ceiling space, are in a zone that is outdoors. Therefore, it will be more important to
measure duct leakage. If, on the other hand, the ceiling space is at 0.197 inWC (49 Pa) when the occupied space is at
0.201 inWC (50 Pa), then the ceiling and the ducts are located indoors. (Note that being inside the building air barrier
does not ensure, however, that the ceiling space and the ducts are inside the thermal barrier; for example, the insulation
may be on top of the ceiling tiles while the roof deck is the air barrier.)
Consider another example; a mechanical room containing a gas water heater is at zero pressure when the occupied zones
are at 0.201 inWC (50 Pa). This indicates that the mechanical room is well connected to outdoors and poorly connected
to indoors, and that the combustion equipment located in that room will not be significantly affected by any pressures
which may be created in the occupied zones.
Duct System Airtightness Test

Airtightness of the duct system is measured using calibrated fans (duct test rigs or duct testers). All registers except one
supply and one return are masked off. Outdoor air is masked off. Calibrated fans are attached to the open registers. A
barrier is placed in the air handler (at the filter, coil, or blower) to divide the system into supply and return. Air is drawn
from the duct system by the calibrated fans and a multipoint airtightness test is done, with each side of the system at
the same pressure (duct pressure is measured near the air handler and referenced to the zone in which the ducts are
located). CFM25 (air flow through leaks in the duct system when the ducts are at 0.100 inWC (25 Pa)) is determined for
both the supply and the return side of the system. The combined CFM25 (add supply and return sides together)
represents leakage to outdoors, unconditioned building space, and unconditioned building space, and can be expressed as
CFM25TOTAL.
The duct system airtightness test can be repeated to determine what portion of the duct leakage is to outdoors (or buffer
zones which are well ventilated to outdoors). Using calibrated fan, depressurize the building to the same pressure as the
duct system, usually at just one pressure of 0.100 inWC (25 Pa), and repeat the duct system airtightness test. Since
the occupied zone and the ducts are at the same pressure, the duct test rig is "seeing" only duct leaks to outdoors. The
resulting CFM25 can be expressed as CFM25OUT.
If the ducts, plenums, and air handler are within the air barrier of the building, then the second test (with the building
depressurized) is not needed. In some cases, the ducts are located within the air barrier of the building, but outside the
thermal barrier. An example of this is when the roof deck is the building air barrier, the ducts are located in a ceiling
space, and the insulation is on top of a tbar ceiling. (Tbar ceilings are used in nearly all commercial buildings. It is
composed of tshaped metal framework suspended from above with ceiling tiles supported within the metal framework).

Duct leakage to and from these ducts causes considerable heat gain from ceiling space during the cooling season and
heat loss during the heating season. Even though this leakage occurs within the air barrier of the building, it occurs
outside the thermal barrier of the building and consequently there are significant energy penalties.
Pressure Differentials

Pressure differentials are measured in the building with the building and HVAC systems in various modes of operation.
Pressure in the building is measured with respect to (wrt) outdoors once with the air handlers and exhaust fans turned on
(normal operation) and a second time with them turned off. Pressure in various rooms and zones of the building are
measured with doors open and closed and various HVAC equipment turned on and off in order to characterize pressure
differentials between various zones of the building and between those zones and outdoors. A primary objective is to
characterize the effect of the air moving equipment on building and zone pressures, since negative pressure can draw
pollutants from the soil, backdraft combustion equipment, and draw humid outdoor air into building cavities.
Pressure differential measurements are made with two types of digital manometers with resolution to 0.0004 inWC (0.1
Pa); hand held units and an 8channel unit. The hand held units have time averaging capabilities which allow
discriminating small pressure differentials even when significant fluctuations exist because of wind. A multichannel
manometer with interface to computer display and memory was used to sample at up to eight locations simultaneously
throughout the building and mechanical systems, continuously plot on a computer screen, and store data for later
analysis.
Infiltration/Ventilation Rates

Using tracer gas decay methodology (ASTM E 741, "Standard Test Method for Determining Air Leakage Rate by Tracer
Dilution"), the building infiltration/ventilation rate is measured, once with the HVAC equipment operating and then again
with the HVAC equipment turned off (if possible or practical). In many restaurants, it is difficult to find a period when the
occupants will allow turning off the mechanical systems.
Air Flow Rates

HVAC system air flow rates are measured. A number of different measurement techniques are used. Air flow at supply
registers and return grills is measured by air flow hood. Outdoor air is typically measured with a flow hood, by placing the
air flow hood over the outdoor air opening.
Outdoor air can also be determined by means of tracer gas measurement. Tracer gas is distributed into the building (as in
the tracer gas decay infiltration test) and well mixed (about 15 minutes with the air handlers operating). Tracer gas
concentration is then sampled at three locations for each air handler; A) in the room near the return grill, B) at the
discharge of a supply grill, and C) at the outdoor intake location (since there may be some tracer gas in the air entering
the outdoor air intake) (Cummings and Tooley, 1989). Total outdoor air fraction (OAFt; includes air entering the outdoor
air vent and return leaks from outdoors) is calculated by:
OAFt = (A  B)/(A  C)
The test is then repeated with the outdoor air vents sealed. In this case, the return leak fraction (RLF) is obtained. RLF is
the proportion of return air flow that enters the return air distribution system through leaks.
RLF = (A  B)/(A  C)
Outdoor air fraction (OAF; air only entering the outdoor air vent) is calculated as follows:
OAF = OAFt  RLF
Outdoor air flow rate (OAFR) is then calculated by multiplying OAF times total air handler flow rate.
OAFR = OAF * air handler flow rate
Flow rate of exhaust fans and makeup air fans can be measured by means of tracer gas injection and sampling with a
gas analyzer downstream. A tracer gas is injected into the air stream so that the gas is well distributed (tubing with holes
is often used), and the gas is sampled downstream in a distributed manner (a loop of tubing attached to a sampling
pump). The injection rate of the tracer gas and the concentration downstream must be accurately measured. Flow rate is
calculated by means of the following formula (Grieve, 1991):
q = dose/(Cs  Cb)
where:
q is the air flow rate in cfm (L/s)
dose is tracer injection rate in cfm (L/s)

Cs is the tracer concentration at the sample point
Cb is the tracer background concentration in the duct
Flow of exhaust fans and makeup air fans can also be measured by means of a capture tent (polyethylene sheeting on a
PVC frame will do) and a calibrated fan (such as a blower door or duct tester). A tent is placed over the discharge of the
exhaust fan and a calibrated fan is mounted into the side of the tent. A manometer measures the pressure in the tent wrt
outdoors. The calibrated fan is turned on to draw air out of the tent and reduce the pressure in the tent (recall that the
exhaust fan is blowing air into the tent) until the pressure in the tent is neutral wrt outdoors. Air flow through the
calibrated fan is then equal to the flow through the exhaust system. Makeup air is measured in an analogous manner,
with the calibrated fan blowing air into the tent.
The building can also be used as a capture tent. Look at an example of measuring exhaust fan flow in a restaurant. With
the exhaust fan(s) turned on (all other air moving equipment turned off), the pressure in the building is measured (this
could be 0.241 inWC (60 Pa) or greater in many restaurants). The calibrated fan is turned on to blow air into the
building until the pressure in the building is neutral wrt outdoors. The air flow through the calibrated fan is equal to the
exhaust fan flow rate. (Note this method works well if the building is tight or the exhaust fans are large. Restaurants may
be tight and often have large exhaust fans.)
Note, however, that this is the flow rate that occurs when the building is at neutral pressure. If the normal operating
pressure (NOP) of the building is much different from neutral, 0.040 inWC (10 pascals) for example, then the
measurement of exhaust or makeup air may be different than that which actually occurs, because building
depressurization will reduce exhaust fan flow and increase makeup air flow. To correct for this, the calibrated fan is
turned on to move air into the building until the NOP is reached (0.040 inWC (10 pascals)); record the flow rate through
the calibrated fan (say 3600 cfm (1700 L/s)). Now calculate the air flow rate into the building due to the 0.040 inWC
(10 pascals) depressurization using the airtightness curve developed from the building airtightness test. (Example: say C
= 300, n = .65, then q would be equal to 1340 cfm (632 L/s) at 0.040 inWC (10 Pa)). Exhaust fan flow is equal to flow
through the calibrated fan plus the building leakage; 3600 cfm plus 1340 cfm = 4940 cfm (1700 L/s plus 632 L/s = 2332
L/s).
The flow of makeup air can be measured in an analogous manner. Turn on only the makeup air fan and use a calibrated
fan to pull air out of the building until reaching NOP. Makeup air flow is then equal to the air flow through the calibrated
fan minus the air flow through the building envelope (this assumes the NOP is negative). Alternatively, the makeup air
flow can be measured with the makeup air and the exhaust fans operating simultaneously (note that the makeup air
flow is usually less than the exhaust air flow). If the building is at its NOP, then makeup air is equal to exhaust fan flow
minus building leakage at NOP. If the building is depressurized beyond its NOP, then turn on the calibrated fan to blow air
into the building until it reaches its NOP. The makeup air flow is equal to the exhaust fan flow minus building leakage
minus calibrated fan flow. Note also that in this situation, the calibrated fan flow is equal to OAFRT (the sum of outdoor
air flow and return leaks that draw air from outdoors).
Field Testing Findings

Field testing has been completed on seven restaurants. These seven restaurants are all located in Brevard County on
Florida's east coast. They are all onestory and range in size from 1942 ft^2 (180 m^2) to 7854 ft^2 (730 m^2). Three
of the restaurants were tested because the business owner perceived some problem and invited the testing. In the other
four cases, selection was made without prior knowledge of any problems. Testing found significant uncontrolled air flows
and pressure imbalances in these restaurants, resulting in elevated humidity levels, mold and mildew problems, moisture
damage to building materials, pilot lights being extinguished, backdrafting of combustion equipment, flame rollout from
water heaters, entry of sewer gas, increased cooling energy use, comfort problems, and difficulty opening exterior doors.
Following is a discussion of field test measurements for these seven restaurants contained in Table 1.
TABLE 1a. Field Measurements of Airtightness, Airflows, and Pressure Differentials in Seven Restaurants
Floor
Restaurant
Occupied Thermal
Air
Area
CFM50 ACH50
Type
Volume ft³ Volume¹ Volume¹
ft²
Pizza
1942
15536
15536
15536
8072 31.17
Subs
3503
33279
42036
49042
2164
3.90
Bar
2400
22800
25200
22800
6651 17.50
Club House 4351
43768
47861
43768
8426 11.55
Chicken 1
3161
28330
28330
41093
6995 14.81
Chicken 2
3321
28760
28760
53136
3689
7.70
Chinese
7854
74613
106029
106029 10108 8.18
Average
3790
35298
41965
47343
6586
13.5

DUCT ach
ach OA&MA² RLF³ EXHAUST
ΔP4
CFM25 AHON AHOFF
cfm
cfm
cfm
ON(inWC)
116
****
655
1051
1282
****
****
776

1.94
5.30
2.34
1.91
11.20
5.90
2.20
4.40

1.95
****
0.64
****
****
****
****
1.30

0
4670
0
1107
8410
6360
0
2935

109
336
505
746
****
464
0
360

3170
5603
987
3038
10606
9272
6495
5596

0.006
0.100
0.003
0.024
0.032
0.172
0.018
0.051

TABLE 1b. Table Converted to SI Units
Restaurant Floor

Occupied

Thermal

Air

L/s@50 ACH50 DUCT

ach

ach

OA&MA² RLF³ EXHAUST

ΔP4

Type
Pizza
Subs
Bar
Club House
Chicken 1
Chicken 2
Chinese
Average

Area Volume m³ Volume¹
m²
m³
180
440
440
325
942
1190
226
645
713
404
1239
1354
294
802
802
309
814
814
730
2112
3001
352
999
1188

Volume¹
m³
440
1388
645
1239
1163
1504
3001
1340

L/s@25 AHON AHOFF
3810
1021
3139
3977
3302
1741
4771
3109

31.17
3.90
17.50
11.55
14.81
7.70
8.13
13.5

55
****
309
496
605
****
****
366

1.94
5.30
2.34
1.91
11.20
5.90
2.20
4.40

1.95
****
0.64
****
****
****
****
1.30

L/s

L/s

L/s

ON(Pa)

0
2204
0
523
3970
3002
0
1385

51
159
238
352
****
219
0
170

1496
2465
466
1434
5006
4376
3066
2641

1.5
25
0.8
6.1
8
43
4.6
12.7

1 See definitions in text.
2 OA means outdoor air. MA means make up air. See definitions.
3 RLP means return leak flow, the air flow rate through return duct leaks under normal operation.
4 DPon is the pressure in the building with respect to outdoors with HVAC system in normal or typical operation.
**** Not measured

Building Airtightness

Building airtightness tests were done using calibrated fans. This test is usually done first to better interpret the air flow,
pressure differential, and infiltration measurements that follow. Building airtightness ranged from 3.9 ACH50 to 31.2
ACH50 (air changes per hour when the building is depressurized to 0.201 inWC (50 Pa); note that the occupied volume
of the building is used as the basis for computing ACH50). table 1
Air/Thermal Barrier Locations

During the building airtightness test, pressure mapping of the building is done. When the building is at 0.201 inWC (50
Pa), it is of interest to know what pressures exist (all pressures referenced to outdoors) in walls, ceiling spaces, attics,
chases, and mechanical closets. By measuring pressure in these locations, it is possible to identify the location of the
building air barrier.
In most restaurants, the ceiling space is inside the building air barrier, because the ceiling is quite leaky (typically tbar
construction) and the roof deck is quite tight. In this sample of seven restaurants, the building air barrier was at the roof
deck in four cases while it was at the ceiling in three cases. It is not uncommon for the ceiling space to be at 0.194 inWC
(49 Pa) when the occupied zone is at 0.201 inWC (50 Pa); there is a 0.004 inWC (1 Pa) drop across the ceiling and a
0.197 inWC (49 Pa) drop across the roof.
While the ceiling space is often inside the building air barrier, it is common for it to be outside the building thermal
barrier. Insulation is often located on top of the ceiling tiles or attached to the bottom of the roof truss system. Therefore,
the thermal barrier and the air barrier are not located at the same level. Table 1 shows the thermal volume (volume
inside the building thermal barrier) and the air volume (volume inside the building air barrier). By studying these
volumes, the reader can determine the location of the thermal barrier and the air barrier. In this sample of seven
restaurants, the insulation was at the roof deck level in one case, on top of the ceiling in three cases, and suspended from
the bottom of the trusses in three cases. In only two cases were the thermal barrier and air barrier at the same location.
Having the air barrier and thermal barrier at different planes can create performance problems for the insulation system
because air can often flow through the insulation plane resulting in air transported heat transfer. As will be seen, many
restaurants operate under substantial negative pressure, and this negative pressure can draw hot air from the ceiling
space, through the insulation, and into the occupied zone.
Duct System Location

Air distribution system efficiency depends upon duct insulation Rvalue, ambient temperature condition, the amount of
duct air leakage, and duct location. In this sample of seven restaurants, the duct system is located in the ceiling space in
all cases. If the ceiling space is located inside both the air and thermal barrier of the building, then the ambient conditions
will be mild so that both conductive and air leakage losses will be minimal. Much of the energy lost from supply leaks will
be regained to the occupied space, especially since the occupied space in restaurants is typically depressurized wrt the
ceiling space.
There are four ceiling types, from a thermal barrier and air barrier perspective. The ceilings of these seven restaurants fall
into three of these types. In one case, the ceiling space (and duct system) is inside both the air and thermal barrier
(ceiling space is cool/dry). In three instances, the ceiling space is inside the air barrier but outside the thermal barrier
(ceiling space is hot/dry). In three cases, the ceiling space is outside both the air and thermal barrier (ceiling space is
hot/humid). In none of these restaurants was the ceiling space outside the air barrier but inside the thermal barrier
(ceiling space is warm/humid; this case was observed, however, in the larger sample of 63 commercial buildings).
Duct System Airtightness

Duct system airtightness was measured in four of the seven restaurants. In the pizza restaurant, the ductwork was
reasonably airtight, tighter than in a typical residential duct system. In the other three, duct leakage was two to three
times greater than typical residential duct leakage; 301 CFM25 (142 L/s @ 25) per 1000 ft^2 (92.9 m^2) floor area
compared to 131 CFM25 (62 L/s @ 25) per 1000 ft^2 (92.9 m^2) floor area in residences (Cummings, Tooley, and
Moyer, 1991). In these restaurants, leakage is on the order of 50 times greater than is indicated in the SMACNA standard
(SMACNA, 1985).
Building Pressures

One of the most striking findings in restaurants is substantial building depressurization. All seven restaurants operate at
negative pressure under normal operation. Average operating pressures range from 0.0032 inWC (0.8 Pa) to 0.173
inWC (43 Pa). For any given restaurant, pressure ranged considerably depending upon which equipment was operating.
Let's consider each restaurant individually to identify the types, ranges, and causes of depressurization.
Pizza restaurant. This is a 21 year old building that was a convenience store/gas station before being converted into a
pizza parlor. This small "mom and pop" operation has difficulty covering salaries and expenses, turns on the two air
conditioners only when there are customers, and operates the large pizza oven without use of the two kitchen exhaust
fans because they make the kitchen uncomfortable. In spite of being leaky (31.2 ACH50, about half of which is in two
passive makeup air vents), this building experiences substantial depressurization with the kitchen fans operating. With
one fan turned on, the 1942 ft^2 (180 m^2) building depressurizes to 0.012 inWC (3 Pa). With the second fan turned
on, the building depressurizes to 0.044 inWC (11 Pa). (Each fan exhausts about 1600 cfm (755 L/s).) While there is no
mechanical makeup air, two passive makeup air vents discharge from the ceiling immediately above the pizza
preparation tables when the exhaust fans are operating. Much of this makeup air comes from the unconditioned ceiling
space because there are no sleeves where the vents pass between the (gypsum board) ceiling and the roof deck.
Sub sandwich restaurant. This ninemonth old building has floor area of 3503 ft^2 (325 m^2) and is the most airtight of
the group (3.9 ACH50). Three types of mechanical systems move air across the building envelope; 1) three kitchen
exhaust fans and one bathroom exhaust fan, 2) one makeup air blower, and 3) three outdoor air intakes on three roof
top package units. Measurements revealed that the building was operating at 0.10 inWC (25 Pa) continuously from
about 8:30 AM to 10:30 PM. The business owner reported that the pilot light on the instantaneous gas water heater was
repeatedly going out and that opening the back door to the store allowed them to light the pilot light and use hot water.
Testing revealed that the three kitchen exhaust fans were moving 5940 cfm (2804 L/s) of air out of the building, while
the makeup air (MA) and outdoor air (OA; air handlers ran continuously throughout the day) brought only 4670 cfm
(2204 L/s) of air into the building (3220 cfm (1520 L/s) MA and 1450 cfm (684 L/s) OA). Because of the tight building
construction, only a small air flow imbalance caused a large pressure imbalance. It was discovered that dirty filters were
the cause of the air flow imbalance; they had not been changed in the nine months the building had been in operation
and were reducing flow through the makeup air and the outdoor air. When the filters were replaced or cleaned, MA and
OA increased by 990 cfm (467 L/s) to 5660 cfm (2672 L/s), respectively, and building pressure increased from 0.10 (25
Pa) to 0.008 inWC (2 Pa). After cleaning the filters, the water heater worked normally.
The business owner stated that the building had been in balance nine months earlier when it was first opened. The air
conditioning contractor had demonstrated that the building was at positive pressure by showing smoke passing through
the drivethrough window from indoors to outdoors. Apparently, the pressure in the building had gradually gone from
slightly positive pressure to 0.10 inWC (25 Pa) negative pressure as the filters, especially the makeup air filter, became
progressively dirty.
Bar and restaurant. This 10yearold building has 2400 ft^2 (223 m^2) of floor area. It is the second most leaky building
in this sample (17.5 ACH50). Given the concrete slab floor and concrete block wall construction, most of the leakage is in
the ceiling plane. Both air handlers and all the ductwork is located in a residential style attic with asphalt shingles on 4:12
sloped plywood decking. There were large duct leaks in both systems, especially on the return side. Tracer gas tests
found 505 cfm (232 L/s) of return leaks. The kitchen exhaust fan discharged 987 cfm (466 L/s) from the building and
there was no makeup air. Building pressure was 0.0032 inWC (0.8 Pa) throughout most of the day. When duct leaks
were repaired, building pressure decreased to 0.0072 inWC (1.8 Pa) since the return leaks were no longer pushing air
into the building. The total amount of attic air entering the building was not significantly reduced as a result of duct repair
because increased building depressurization pulled additional air from the attic. Installing makeup air in the kitchen and
airtightening the ceiling plane could reduce the pressure imbalances, diminish the uncontrolled air flows and infiltration,
reduce cooling energy use, and improve comfort.
Golf club house and restaurant. This sixmonth old building has 4351 ft^2 (404 m^2) of floor area. Half the space is
locker room, bathroom, office, and pro shop. The other half is restaurant/bar and kitchen. Throughout most of the
building, there is a onefoot air space between the ceiling and the insulation batts which are attached to the bottom of the
trusses. Above the insulation is an attic space containing three air handlers, three air distribution systems, two locker
room exhaust systems, and the kitchen exhaust and makeup air systems. The building airtightness was 11.6 ACH50,
somewhat tighter than average for the 63 commercial building sample. When the occupied zone was depressurized to
0.120 inWC (30 Pa) by the calibrated fan, the attic space was 0.044 inWC (11 Pa), indicating that the ceiling is the
primary air barrier but it is not quite twice as airtight as the attictooutside interface. Since the attic has 69 eave vents,

each with 22.5 in2 (145 cm2) net free area, it can be deduced that the ceiling is quite leaky (most of the leakage is in the
tbar ceilings of the dining/kitchen area, since the pro shop, offices, and bathroom ceilings are sheetrock).
Two types of mechanical systems move air across the building envelope; 1) one kitchen exhaust fan and two
bathroom/locker room exhaust fans pull air out of the building and 2) one makeup air blower pushes air into the
building. The three air conditioning systems have no outdoor air. Testing revealed that the kitchen exhaust fan was
moving 2084 cfm (984 L/s) of air out of the building, the bathroom exhaust fans were drawing 954 cfm (450 L/s) out of
the building, and makeup air (MA) was pushing 1107 cfm (523 L/s) into the building. As a result, the building operated
at about 0.024 inWC (6 Pa) throughout most of the day.
Chicken restaurant I. This eightmonth old building has floor area of 3161 ft^2 (294 m^2) and is of average airtightness
(14.8 ACH50). Three types of mechanical systems move air across the building envelope; 1) four kitchen exhaust fans
and one bathroom exhaust fan, 2) two makeup air blowers, and 3) four outdoor air intakes on four rooftop package
units. Pressure measurements revealed that building pressures fluctuated from 0.011 inWC (2.8 Pa) to 0.071 inWC
(17.8 Pa) throughout the day.
Testing found three kitchen exhaust fans moving 10,396 cfm (4907 L/s) of air out of the building while the makeup and
air outdoor air brought only 8410 cfm (3970 L/s) of air into the building (MA = 6157 cfm (2906 L/s) and OA = 2253 cfm
(1063 L/s)). The cause of the pressure fluctuations was identified. All four air handlers have separate thermostats, and
when the load for a zone was satisfied, both the compressor and the air handler shut off. When the air handler is off, no
outdoor air is brought into the building. Therefore, net air flow across the building envelope varied from 1986 cfm (937
L/s) to 4239 cfm (2001 L/s).
Chicken restaurant II. This store has 3321 ft^2 (309 m^2) and airtightness of 7.7 ACH50. Chicken restaurant I and
chicken restaurant II are of the same chain. This building was recently converted from a bank to a restaurant. Three
types of mechanical systems move air across the building envelope; 1) four kitchen exhaust fans and one bathroom
exhaust fan, 2) two makeup air blowers, and 3) two of the four rooftop package units (serving the dining area) have
outdoor air. Testing revealed that the building was operating at pressures from 0.137 inWC (34 Pa) to 0.241 inWC (60
Pa) throughout the day. Signs were posted on the exterior doors stating "please pull hard", because depressurization
made it difficult to open the doors and some patrons mistakenly thought the store was closed.
Three kitchen exhaust fans were moving 9272 cfm (4376 L/s) of air out of the building while the makeup air and outdoor
air brought only 6360 cfm (3002 L/s) of air into the building (MA = 5110 cfm (2412 L/s) and OA = 1250 cfm (590 L/s).
Pressure fluctuated in the building between 0.137 inWC (34 Pa) to 0.241 inWC (60 Pa) because the air handlers cycle
according to load, just as in chicken restaurant I. When the load for a zone is satisfied, both the compressor and the air
handler shut off causing no outdoor air to be brought into the building. Therefore, net air flow across the building
envelope varied from 2912 cfm (1374 L/s) to 4162 cfm (1964 L/s) throughout the day, depending upon which air
handlers were operating.
Chinese restaurant. This is the largest of the restaurants, with 7854 ft^2 (730 m^2). It is an older building built in 1962,
most recently renovated in 1992, and is tighter than average (8.1 ACH50). Only two kitchen exhaust fans mechanically
move air across the building envelope. There is no makeup air fan and no outdoor air. In order to diminish the
depressurization, an exterior kitchen door is left open throughout the day. Testing found that the exhaust fans were
drawing 6495 cfm (3066 L/s) of air from the building, causing the entire space to operate at a constant 0.018 inWC (4.6
Pa) throughout the day (kitchen door open). When the exterior kitchen door was closed, however, building pressure
dropped to 0.108 inWC (27 Pa).
Consequences of Restaurant Depressurization

Testing found significant uncontrolled air flow and pressure imbalances in these restaurants, and in each case there were
unwanted consequences that could be linked to UAF. In some, there were high humidity levels, mold and mildew
problems, and moisture damage to building materials. In others, pilot lights were being extinguished, combustion
equipment was backdrafting, and in one case flame rollout had occurred twice from a water heater. In one case sewer
gas was entering the building because of negative pressure. In chicken restaurant II there were problems opening
exterior doors and customers would sometimes turn away because they thought the store was closed. In a number of
cases, negative pressure and uncontrolled air flows were causing substantial increased cooling energy use and comfort
problems.
Moisture Problems

Uncontrolled air flow creates moisture problems in two ways; 1) depressurization increases ventilation and transports
moisture from humid Florida outdoor air into the space often exceeding the dehumidification capacity of the air
conditioning systems and 2) humid outdoor air can be drawn into building cavities, such as walls, and condensation may
form on the cool interior surfaces of these cavities.
In some cases, humidity levels in the stores exceeded 75% RH. During one early morning test period, water was dripping
from all the supply registers and the floor was damp and slippery from condensation. In two establishments, moisture

accumulation in walls had reached the point where the sheetrock was becoming soft, the wall paper was falling off the
walls, and pink and black blotches of mold and mildew were growing on the vinyl wall paper/gypsum board interface.
Since vinyl wall paper is a vapor retarder, the gypsum board was prevented from drying to the relatively dry indoor air.
Problems with Combustion Equipment

Four of the seven restaurants have combustion water heaters. In two cases the combustion water heaters were drafting
properly. In two cases depressurization was causing backdrafting of the water heater.
Atmospherically vented combustion water heaters rely upon buoyancy of the combustion gases (resulting from elevated
combustion gas temperature) to draw the combustion fumes up the vent pipe. If the zone where the combustion
equipment is located is depressurized beyond a specific level (that level depends upon the appliance type, the height of
the vent pipe, ambient temperature, wind speed, and other factors), backdrafting may occur. (Backdrafting is reversal of
flow in the vent pipe.) Some combustion appliances begin to backdraft when the combustion zone is depressurized to
0.020 inWC (5 Pa) (Moffat, 1986).
In chicken restaurant II, the building operates at 0.137 inWC (34 Pa) to 0.241 inWC (60 Pa), but the combustion
appliance drafts properly because it is located in an exterior closet that is isolated from the remainder of the building and
has an exterior vented door. When the building was at 0.241 inWC (60 Pa), the closet was at zero pressure wrt
outdoors. In the golf clubhouse/restaurant, the water heater was exposed to 0.024 inWC (6 Pa) throughout most of the
day, but it nevertheless drafted satisfactorily during our testing.
On the other hand, the water heaters in the sub restaurant and chicken restaurant I experienced problems. In the sub
restaurant, 0.10 inWC (25 Pa) caused the water heater (an instantaneous type) to backdraft whenever it was operating.
In addition, when it was not operating, backdrafting was sufficient to blow out the pilot light. In chicken restaurant I,
depressurization varied from 0.011 inWC (2.8 Pa) to 0.071 inWC (17.8 Pa), depending upon how many air handlers
were operating. If all four were off, depressurization reached 0.071 inWC (17.8 Pa). The water heater was located in an
interior closet that was well vented to indoors (the closet door was louvered and an additional grill was located above the
doorway) and contained no combustion/dilution air openings to outdoors. Testing identified that when the appliance was
operating, backdrafting would initiate when building pressure fell to about 0.052 inWC (13 Pa). The owner reported that
on two occasions flame rollout occurred from the water heater. Both instances occurred at closing time (about 1 AM)
when smoke was observed coming out of the closet. In each case the fire was put out with a fire extinguisher. When
closing the store, standard procedure called for raising the thermostat settings on the four thermostats before leaving the
store. This would, of course, cause all four air conditioners (and all outdoor air) to shut down. If the exhaust fans were
still operating, then building pressure would go to 0.071 inWC (17.8 Pa).
If the water heater was in operation when this depressurization occurred, combustion fumes would continue to go up the
flue (the flue is the pipe inside the appliance) but not up the vent pipe. Flame rollout would not occur. The strength of
the wellestablished draft in the flue prevents reversal within the flue. However, if the water heater was not operating
when the 0.071 inWC (17.8 Pa) depressurization occurred, then there would be no established draft, and reversal within
the flue would likely occur. Then when the water heater called for heat and the gas valve subsequently opened, gas would
be pushed out of the combustion chamber and flames would occur outside the water heater. The authors did not see
flame rollout (though scorched areas on the overflow drain pan, tank, and pipe insulation were observed) and did not try
to recreate the conditions that would produce it.
Mining of Sewer Gases

Another consequence of building depressurization is "mining" of sewer gas or soil gas. The term mining indicates that the
sewer gases are in the soil or sewer system and are dug up and transported into the building. When portions of the
building in contact with the soil are depressurized, there is the potential to draw soil gases (radon, pesticides, etc.) and
sewer gases into the building. One documented case was found at the sub restaurant. During testing, a multigas
analyzer sampled indoor air for a number of substances, including carbon dioxide and organic compounds (this latter filter
detects a wide range of organic compounds but is specifically calibrated for methane). Figure 1 shows 7 hours of
monitoring. Carbon dioxide peaked twice, once between 9:30 AM and 10 AM while the mechanical systems were turned
off in preparation for the building airtightness test and later during the lunch hour when about 75 patrons occupied the
dining area.

Figure 1. Monitoring of carbon dioxide, organic compounds, and dewpoint temperature in a fastfood restaurant. Elevated
organic compound levels resulted from gases being drawn from sewer pipes.
High organic compound readings, also shown in Figure 1, were a surprise, since no significant source of volatile organic
compounds had been identified and the building was well ventilated (5.3 ach). The source, it turned out, was a toilet that
was improperly seated. Given the 0.10 inWC (25 Pa) of depressurization, gases inside the sewer pipes were being
drawn into the bathroom and into the store. Perfume dispensers had been placed in the bathrooms to mask the
unpleasant odors
Discussion

It is desirable to operate buildings at positive pressure in a hot and humid climate such as Florida, for a number of
reasons. 1) Positive pressure makes it easier to control moisture in buildings, especially in building cavities because
relatively dry indoor air is forced into walls and other buildings cavities. 2) Positive pressure reduces the entry rate of
radon, sewer gases, and other soil related contaminants into the building. 3) Positive pressure assists in venting of
combustion byproducts.
Restaurants generally operate at negative pressure primarily because large exhaust fans are installed in the kitchen areas
to remove heat, humidity, and cooking fumes, and often insufficient makeup air and outdoor air is provided to counter
these large exhaust flows. Makeup air fans are designed to reduce building depressurization, reduce building ventilation
rates, and save energy. In some restaurants, no mechanical makeup air system is provided; consequently the building
may be greatly depressurized when exhaust fans are used. In other restaurants, makeup air is provided but may be only
55% to 75% of the exhaust flow rate, and outdoor air may not be sufficient to make up the balance.
An additional complication is that outdoor air may not be continuous. Outdoor air only comes into the building when the
air handler blowers are operating. In all seven of these restaurants, the air handlers cycle on and off in accordance with
load. In the sub restaurant, the units run nearly continuously throughout the day, in large part because they had two
stage compressors. In the chicken restaurants, however, the units have only singlestage compressors and they cycle on
and off throughout the day. When the air handlers are off, the outdoor air stops and the pressure imbalance worsens.
Someone might think that the solution would be continuous blower operation; put the fan control in the "on" position
whenever the exhaust systems operate. Outdoor air would then be continuous. The problem, however, is that continuous
blower operation leads to poor dehumidification performance. Air flowing through the air handler during the periods when
the compressor is off, evaporates water from the coil and the drain pan and delivers it back into the space. Depending
upon the air conditioner capacitytobuilding load ratio and the cycling behavior of the thermostat, dehumidification

performance may be seriously diminished (Khattar, Swami, and Ramanan, 1987). This could cause serious humidity
problems in humid climates.
One solution is to use twostage compressor air conditioners (constant fan speed but variable compressor capacity
combined with face split coil design; this design improves dehumidification performance under partload conditions). With
this equipment, the air handlers will run nearly constantly, because the unit will cycle back and forth between first stage
and second stage most of the time.
Perhaps the best solution is as follows. Increase the size of the makeup air to 80% or more of exhaust air. By designing
makeup to be less than exhaust air, air flow will generally go from dining area to kitchen area. In order to achieve
positive pressure in the building, one air conditioner could be the designated as the "outdoor air unit". A 10ton unit with
35% outdoor air, for example, could provide about 1400 cfm into the building. It could be designed to operate at a lower
setpoint (first stage on a twostage thermostat) than the other air conditioners so that its compressor would run nearly all
the time, distribute supply air to the entire dining room area (and perhaps some to the kitchen area as well), and have its
air handler run whenever the exhaust fans are on (interlocked controls). Providing all (or most) of the building outdoor air
to the dining area will enhance the flow of air from the dining area toward the kitchen area, thus maintaining control of
kitchen odors. By operating at a lower setpoint, its compressor will run nearly the entire day and consequently it will have
good dehumidification performance.
If improved exhaust, makeup air, and outdoor air designs are used and filters are properly maintained, then the pressure
imbalance problems which are creating many energy, indoor air quality, building degradation, and combustion safety
problems can be resolved.
Conclusions

Field testing found that uncontrolled air flows and building depressurization are widespread in a sample of seven Florida
restaurants. While it is desirable to operate buildings at positive pressure (wrt outdoors) in hot and humid climates such
as Florida, all of these restaurants were depressurized under normal operation. Depressurization averaged 0.051 inWC
(12.7 Pa) and ranged from 0.003 inWC (0.8 Pa) to 0.173 inWC (43 Pa). The degree of depressurization depends upon
the air flow balance on the building (air flow out of the building minus air flow into the building) and the airtightness of
the building envelope. In tight buildings, only a small imbalance of air flow can produce serious depressurization
problems. In very leaky buildings, large air flow imbalances produce only moderate depressurization.
Depressurization causes a number of problems in restaurants. These problems include high humidity levels, mold and
mildew growth on wall surfaces and in building cavities, moisture damage to building materials, extinguished pilot lights,
combustion equipment backdrafting, flame rollout, sewer gas entering the building, and doors being difficult to open.
Although not discussed in this paper, depressurization and uncontrolled air flow often cause increased heating and cooling
energy use and comfort problems.
The most frequent cause of uncontrolled air flow and depressurization is poor engineering. In nearly all cases exhaust
fans are too large or the makeup air and outdoor air are too small. In two cases there is no mechanical makeup air or
outdoor air, so the building operates at substantial negative pressure when the exhaust fans operate. In other cases the
outdoor air cycles on and off because the air conditioners cycle on and off in response to load. Consequently, building
pressure fluctuates up and down depending upon the number of units operating. Design solutions in hot and humid
climates must take into account humidity control requirements of the air conditioning system, which can be substantial in
restaurants because of their extensive exhaust air requirements. In many cases, pretreatment of outdoor or makeup air
is recommended.
Two solutions are suggested to ensure that outdoor air operates all (or at least most) of the time. One is installation of
twostage, facesplitcoil design air conditioners which achieve improved dehumidification. A second solution is to have
one air conditioner provide all of the outdoor air. By having it operate whenever the exhaust fans are engaged and be
controlled on the first stage of a twostage thermostat, its compressor would operate most of the time and thus
dehumidify well even though the air handler would run continuously.
In one restaurant, maintenance of filters was identified as the cause of major pressure imbalance. As makeup air and
outdoor air filters became increasingly dirty, air flow into the building decreased and the building became increasingly
depressurized. The solution to this problem is education of the building occupants, improved maintenance procedures,
and perhaps warning systems that indicate pressure imbalance problems.
An additional conclusion may be drawn from this research. Diagnostic procedures and testing methods used to
characterize building airtightness, duct system airtightness, air flow rates, infiltration/ventilation rates, and pressure
differentials can be very effective in identifying the nature and cause of uncontrolled air flows in restaurants which in turn
provides the basis for remediation of the problems. Without a good understanding of the interacting relationships between
airtightness, air flows, and pressure differentials, and the ability to measure these variables, the likelihood of incorrect
identification of the problems and ineffective solutions is greatly increased.
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Definitions

air barrier building shell components providing primary resistance to air flow between outdoors to indoors.
backdrafting a condition that may develop where air flow is reversed in the vent pipe of a combustion appliance. During
this condition, the combustion byproducts from the combustion appliance cannot pass through the vent pipe and leave
the building.
capture tent an enclosed space, often constructed using a frame and airtight sheeting material, which may be used as a
pressure equalization chamber. Air flow is measured by placing the tent over an air discharge or intake opening, installing
a calibrated fan into a wall of the tent, and bringing the tent to neutral pressure wrt its surroundings. Air flow through the
discharge or intake opening is equal to the calibrated fan flow.
ceiling space the space located between the ceiling and the exterior roof decking.
duct tester a device used to perform air distribution system airtightness testing, consisting of a calibrated fan, gauges
for measuring duct system pressure, gauges for measuring the calibrated fan air flow rate, and means to attach the
calibrated fan to the duct system.
flame rollout a condition where combustion occurs outside the combustion appliance combustion chamber.
indoors locations that are inside the primary air barrier of the building, including spaces within the building structure
which are not conditioned but are located within the primary air barrier of the building, such as unvented ceiling spaces,
wall cavities, spaces between floors, chases, storage closets, and mechanical rooms.
makeup air air mechanically blown into the building simultaneously with the operation of exhaust fans in order to make
up for exhaust air drawn from the building. Makeup air is intended to avoid excessive depressurization of the building,
reduce building infiltration, and save heating and cooling energy.
outdoors locations outside the building air barrier, including space that is completely outside of the building structure
and spaces within the building structure which are intentionally or unintentionally ventilated to outdoors such as attic
spaces, ceiling spaces, wall cavities, spaces between floors, chases, mechanical rooms, attached garages, and crawl
spaces. outdoor air an opening on the return side of an air distribution system which permits ventilation air to be drawn
into (or in some cases forced into) the return air stream from outdoors.
thermal barrier building components providing primary resistance to heat flow between outdoors and indoors.
uncontrolled air flow air moving between indoors and outdoors or between zones of a building where the pathways of
flow, the direction of flow, and the origin of the air is unknown, unspecified, and unintentional.
vent pipe a pipe through which combustion byproducts leave the building.
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